The topography influences monsoon precipitation and gives rise to significant rainfall events in South Asia. The physical mechanism involved in such events includes mechanical uplifting, thermodynamics, small scale cloud processes, and large scale atmospheric circulations. The investigation into orographic precipitation is pursued by synoptic and model analysis. Deep convection occurs as warm moist airflow is channeling over steep mountains. WRF model coupled with Morrison double moment scheme is used to assess the relative impact of topography on extreme rainfall event of 26-30 July 2010 in Pakistan. Two sensitivity tests with full topography (CTL) and reduced topography by 50% (LOW) are carried out. Two distinct precipitation zones over Hindukush and Himalaya mountains are identified. The topographic changes significantly affect moisture divergence and spatial and temporal distribution of precipitation. A low level jet is created on windward side of big mountains, yielding enhanced moisture flux and instability. Eddy kinetic energy significantly changes with orographic height. Energy flux created further unstabilized atmosphere and deep convection, producing wide spread heavy rainfall in the area in Himalaya foothills. Under the set synoptic conditions, orographic orientation enhanced the moisture accumulation and deep convection, resulting in occurrence of this extreme event.
Introduction
Summer monsoon brings heavy rainfall in the narrow mountainous belt of north Pakistan where Himalaya meets the Hindukush mountains. These extreme rainfall events resulted in large scale floods [1] , leaving behind devastating losses to the economy. According to a WMO [2] report, more than 1700 casualties occurred and 20 million people became homeless in just one heavy rainfall event of July 2010. The total economic losses were more than 40 billion US dollars during this event.
South Asian Monsoon is a regular phenomenon, characterized by wet summer and caused by seasonal reversal of wind [3, 4] . Land sea distribution, annual cycle of radiation, and presence of big mountain ranges are the three primary factors affecting South Asian Monsoon (SAM) [5] [6] [7] [8] . The influence of topography on precipitation gives rise to significant rainfall events during monsoon in the South Asian region. Barros et al. [9] pointed out that 20-30% of the seasonal rainfall over the Himalayan region can pour out from a specific synoptic scale event. The monsoon events intensity depends upon the magnitude of the temperature gradient induced by the land sea heating contrast [10] . The existence of the land sea distribution like Arabian Sea, South Asia, and Bay of Bengal (BoB) plays a significant role in the monsoon circulation, its intensity, and precipitation in this region [7, 8, 11] . However, this traditional theory is not adequate to explain the present day South Asian Monsoon. Pakistan, being part of this region, has diversified topography and extremely variable climate, ranging from subhumid to 2 Advances in Meteorology humid in north and arid in south. The north Pakistan is lying along the junction of Himalaya and Hindukush mountain ranges and is declared as the most vulnerable area for the deep and wide convection, where height can reach up to greater than 10 km [12] . Size and shape of these mountains significantly influence the ultimate distribution of ground precipitation. The spatial distribution of the rainfall over and near the complex terrain features and topography heights is determined by the dynamical behavior of the weather system and thermodynamics of the incoming moist air stumbling upon the terrain barrier. Tibetan Plateau being the heat source also helps in strengthening the intensity of the Asian summer monsoon [6, 7, 13, 14] .
Roe [15] mentioned orographic precipitation as ephemeral phenomenon from an existing system resulting in substantially varying spatial distribution of rainfall. Barros et al., Zipser et al., and Houze et al. [16] [17] [18] have regarded north Pakistan as region for extremely deep convective zone and tallest lightening prone storms in the world. These convective events can yield extreme local rainfall when moist air from the sea encounters the mountains and thus quasistationary deep convection with highly efficient warm rain coalescence processes producing the effectual downpour of precipitation and flash floods [19] .
Berg et al. [20] related the increase in convective scale precipitation with the increase in energy fluxes. During the present global warming time, the moist currents travelling across the mountainous region may adjust in location, strength, and intrinsic instability, causing changes in spatial distribution of rainfall and associated latent heat of the atmosphere. One of the most prominent impacts of the mountain on the lower atmosphere is upstream blocking [21] . The complex terrain of mountains, its orientation to the moisture sources, and impact on atmospheric precipitation cannot be generalized. In case of two-dimensional mountain barriers, it results in upstream blocking to the strong low level flow parallel to the terrain axis [22] . This is caused from the down gradient geostrophic acceleration along the barrier direction [23, 24] . This blockage in the lower atmosphere occurs, when the fluid flow is perpendicular to the terrain and is determined by Froude number with values less than the threshold of 1.0 [25, 26] . A similar case was observed by Bjerknes and Solberg [27] stating that a warm front mutilated as it approaches the Norwegian coast with lower tropospheric portion precluded from passage across the complex topography.
The environmental aspect of increasing rainfall in the lower and high latitude mountainous regions was discussed by many scientists [28, 29] who made detailed analysis of dynamical and microphysical processes in the stable/unstable flow over terrain. They found that extreme rainfall event arises upon the overrunning of air layer on the steep mountain ranges in the form of moist low level jet, while the flow is persistent over a substantial time period. Chen et al. [30] found similar results for an extreme convective rain event in Taiwan when circulation around a sub-synoptic Low pressure is generated on a low level shear zone and formed a low level jet of moist unstable air intersecting the central mountain range. Precipitation distribution in the Alps and Apennines has also been correlated to both the degree of flow, being blocked by the topography (e.g., Medina and Houze, 2003 [31] ), and the extent of entrainment of moist low level flow into unblocked flow aloft [32] . Romatschke and Houze [12] revealed that the systems with deep convective cores are sturdily systemized by processes near and over the mountains. This occurs in the proximate regions of the mountain ranges with maximum frequency of incidence during the afternoon and in the early morning.
Many studies on the heavy rainfall events in South Asia have been made [31, 33, 34] and revealed that local deep storm characteristically occurs near the boundary of the dry air coming across Afghan Plateau and moist air flow at low altitude from the Arabian Sea. The combination of these airflows yields in highly buoyant storm cell and does not form the large stratiform precipitation area. The convective storm obtains energy from the vertical stratification of atmospheric temperature and water vapor [35] . Bay of Bengal (BoB) currents accompanied by the extensive stratiform cloud system carry moisture along the Himalaya, reinforced by the upslope flow [31] . The extreme rainfall event occurred in northern Pakistan during the last week of July 2010, but it rarely happened in the eastern Himalayan region. Lau and Kim [36] assumed that the thermodynamic effect is responsible for this heavy precipitation event. Galarneau et al. [37] linked the Russian heat wave to this event. Xu and Emanuel [38] revealed that convection is too large over the tropical regions. The rain region in 2010 extreme rainfall case was predominantly stratiform with horizontal coverage of about 200 km. Liu et al. [39] mentioned that interaction between the monsoon currents and the blocking western waves produces the severe weather in Pakistan.
The upper level anomaly of potential vorticity (PV) plays a substantial role in the deep convection of the surface weather systems resulting in heavy precipitation event [40, 41] . Negative moist potential vorticity amplifies the moist symmetric instability and is accompanied by deep convection [42] . If slight potentially unstable layer is embedded in a mesoscale convective system (MCS), deep convection may occur in the existing cloud system as it moves across the terrain [33] . These vast systems from BoB are located in MCS and are disposed by the orographic lifting and can be observed in the radar echoes [43] . Zipser et al. [17] also mentioned that deepest convective towers occur in relatively arid regions. In Himalayan case these are frequently observed in the valleys of the high terrain, where Himalayas are intersected by the Hindukush Plateau.
Mapes et al. [50] mentioned that heating on high mountains in the day time may activate the gravity waves that travel away from the region and produce high convective clouds in the later part of the day. Romatschke and Houze [12] stated that the diurnal wave transmitted strong MCSs, to southward of BoB, due to heating along the east coast of India, during premonsoon period.
The capping and triggering are the key processes in the regions near the Himalaya, where the precipitation cloud system with deep convective cores concentrates in Pakistan near the western end of the Himalayas [12] . Their recurrence rate is very high in the notch of the high terrain where [49] the western end of Himalaya intersects the Afghan Plateau. Tibetan Plateau is a significant elevated heat source and its importance for rapid seasonal changes effects such events and has been discussed by many authors [51] [52] [53] . The precipitation rate in this area is related to the degree of flow blocked by topography [31] and amount of entrainment of moist low level air in the unblocked air aloft [32] . Due to high unpredictability in catchment areas of this region, rainfall variability and extreme weather events became very important factors, especially during the monsoon season. The IPCC AR4 [54] reveal that frequency of such extreme events increased and its future trends shown are "likely to increase" during the 21st century. This area received a historical extreme event during the last week of July 2010, resulting in flash flooding and devastating destruction. The aim of the present study is to identify the relative impact of orography (mechanical) and thermodynamics on the heavy precipitation event in this area. In this regard, extreme rainfall event of 26-30 July, 2010, has been selected for study. The changes in the regional circulation and moisture flux from two different sources BoB and the Arabian ocean affect the rainfall in this mountainous range. The investigation of orographic precipitation is pursued by two tracks, synoptic and model analysis. The study is organized in 5 parts: Model description and methodology are described in Section 2; synoptic evolution of the system is discussed in Section 3. Model outputs are analyzed in Section 4. Conclusions are presented in Section 5.
Data and Methodology
A heavy precipitation event occurred from 26 to 30 July, 2010, and produced rainfall along the foothills of Himalaya and Hindukush region. This event resulted in a devastating flood in the region and brings large scale destruction. In this study, attentions would be focused on examining the relative impact of orography and thermodynamics on this rainfall event. This research study is divided into two ways. In the first part synoptic and mesoscale overview of the event has been examined. The reanalysis dataset of the National Center for Environmental Prediction (NCEP)/National Center for Atmospheric Research (NCAR) [55] for the period of 1979-2010 has been used for the diagnostic and correlative analysis. Three representative stations of Kotli, Islamabad, and Saidu Sharif have been selected on the basis of their geographical location in the system path. Their observed temperature, dew point temperature, pressure, and relative humidity (RH) have been drawn. The intensity and location of the Tibetan High during the period have also been calculated, as some studies mentioned that Tibetan Plateau is the main heat source and driving factor of the South Asian Monsoon (SAM) intensity [7, 14] .
To understand the temporal and spatial evolution of the event, advanced research weather forecasting model ARW-WRF (3.4.1), coupled with Morrison double-moment microphysical scheme [53] , has been used for simulation. The scheme is able to predict the concentration and mass mixing ratio of the five hydrometeors, like cloud, rain ice, snow, and graupel. In Morrison scheme, time evolution of hydrometeor concentration and mixing ratio are calculated by grid scale convective detrainment, advection, turbulence diffusion, and other microphysical processes.
The model was designed to have three nested domains d01, d02, and d03 with resolution of 27, 9, and 3 km, respectively ( Figure 1 ). The third domain is focused on the core precipitation region with its spatial extension from 30 ∘ N-37 ∘ N to 68 ∘ E-78 ∘ E (Figure 1(a) ). Two sensitivity tests, with the full (CTL Case) and reduced topography up to 50% (LOW case), have been carried out for the period beginning from 0000 UTC of 26 July and ending at 0000 UTC of 30 July, 2010. The six hourly FNL GRIB-I format data of 1 ∘ × 1 ∘ resolution have been used as input to specify the initial atmospheric conditions and its evolution along the boundaries (i.e., boundary conditions), for the entire retrospective simulation time period. The GRIB-I dataset (compact data files) has been expanded over the three nested domains. The geographical resolution of the d01, d02, and d03 is 10 m, 2 m, and 30 s, respectively, whereas 35 vertical levels have been envisaged. The grid points in domain d01 are 253 and 246, in d02 298 and 298, and in d03 328 and 301 in the EW and SN directions, respectively. The Lambert Map projection is used in the model. The model configuration and the parameterization schemes used in the model are given in Table 1 . The time-split small step for acoustic and gravity-wave modes has been used in the model. The reference latitude and longitude are 30 ∘ N and 74 ∘ E, respectively. The cumulus physics has been kept on, for outer two domains d01 and d02 only, with call step of five minutes time. Heat and moisture fluxes from the surface, vertical velocity with damping, and eddies coefficient with horizontal Smagorinsky were also kept on. Both simulations were performed with the microphysical choices as shown in Table 1 .
After determining that CTL case of the model is able to produce the realistic simulation, the LOW case (reduced topography by 50%) simulation has been performed to determine the impact of the high terrain on the evolution of the weather system, spatial distribution, and magnitude of the precipitation. The topography is reduced in such a way that original shape of the mountain does not change and topography may not reduce below 1500 m. In LOW case, the same parameterization schemes have been used as discussed above in the CTL case, except the reduction of topography of the region in domain d03. To avoid boundary issues, topography of the same region of d03 is also reduced over the same area of d02 and d01, respectively. The modified topography maintains its original structure and orientation in all the three domains. The initial conditions are interpolated to the modified terrain, but the model characteristics, physics, and other dynamics options are kept unchanged. The simulated rainfall and other meteorological parameters are compared to measure the changes in the rainfall, wind convergence, and geopotential heights. The vertical profile of potential temperature, specific humidity, and heat energy fluxes transfer has also been calculated to measure the thermodynamic impact. The energy transfer measures the changes in the instabilities and resultant convection.
Synoptic and Mesoscale Overview of the Event
Pakistan is located in the South Asian Monsoon region having Himalaya and Hindukush in "L" shape orientation in its north as shown in Figure 1 (b). Extreme weather events became important phenomenon during the monsoon period due to high unpredictability in catchment areas of this region.
Advances in Meteorology 5
Orography plays key role in occurrence of monsoon rainfall in this region. The precipitation occurs due to the blockage of the mountains to monsoonal flow and entrainment of moist low level air in the unblocked air aloft. Pakistan experienced a heavy rainfall event from 26 to 30 July, 2010, in its north parts. The observed area-weighted rainfall in this region, during the monsoon period, is about 222 mm. But during 2010, it received 150 mm above normal rainfall as shown in Figure 2 (b). Most of the precipitation was received during this one particular event. Eleven out of the eighteen stations in the provinces of Khyber Pakhtoon Khawa, Punjab, and AJK observed more than 200 mm rainfall during this event, as indicated in Figure 2 ∘ degree east of its normal location. The enhanced pressure gradient pushes the elongated cold core towards the middle latitude trough in the west of Hindukush mountain. Due to Eurasia blocking high the attendant low level energy amplifies the trough in the northwest of Pakistan as is evident in Figure 3 (c). The mesoscale convection in the high mountainous region was enhanced by the continuous moisture supply in this area. The orography in this region provides the basic uplifting mechanism for the moist air river coming from BoB and Arabian ocean, whereas cold, dry air from the north sets ∘ N and 66 ∘ E-77 ∘ E from 1000 to 500 hPa level indicates the heavy rainfall between 70 ∘ E and 76 ∘ E, during 28-29 July, 2010. The heavy moisture flux is mainly from BoB and the Arabian ocean and from a conveyor belt-like situation as in Figure 4 (a). The moisture accumulation near mountains increases the moist instability and convection potential in the region. It is confined by the strong temperature inversion over the north Pakistan as evident from Figures 3(a)-3(c) . Such an extension of relatively cold, dry air in west and steep mountains inclinations to persistent moist flow provides the large scale structure, favorable for development of warm core MTCs [56] . The moist Anomaly of air temperature ( ∘ C), wind (m/s), and gpm height
(300 hPa), 26-30 July, 2010, to average 1979-2010 To monitor the system, three PMD observation stations of Kotli, Islamabad, and Saidu Sharif were selected and time series of temperature, dew point temperature, relative humidity, and rainfall has been drawn, for the period of 26-30 July, 2010 (Figures 5(a)-5(d) ). The temperature at these stations rises significantly by [8] [9] [10] ∘ C on 26 July and enhances the moisture holding capacity of atmosphere. It exponentially increases the saturation vapor pressure and hence the relative humidity decreases considerably. The persistent moisture flow filled in the gap as in Figures 4(a) and 4(b) . The drop in air temperature initiates the condensation process and increases in relative humidity. Dew point temperature and air temperature became equal at 0000 UTC of 27 July, and the relative humidity exceeds 90%. The topography provides the primary triggering mechanism for rainfall. The rain first started at Kotli and gradually moved westward to Islamabad located in foothills of Himalaya and Saidu Sharif in the Hindukush region. This system produced a wide spread heavy rainfall in the region as indicated in Figure 1(b) . Taimargarah and Risalpur received the maximum rainfall of above 400 mm during this episode.
Model Results
WRF model coupled with Morrison double moment scheme with three nested domains is used to simulate the heavy rainfall event of 26-30 July, 2010. Two sensitivity tests, with full topography (CTL) and reduced topography by 50% (LOW), were designed to investigate the topographic impact on the evolution of this event. The CTL case is verified by comparing its results to NOAA CIRES reanalysis data outcomes. The WRF outcomes for temperature, geopotential height, wind vector, and relative humidity at Advances in Meteorology different pressure level (Figures 6(a)-6(d) ) showed the good correlation with reanalysis data outputs (Figures 6(e)-6(h) ).
The heavy precipitation occurs, when rainfall frequency is higher for longer span of time [57] . The depression from the BoB is embedded in a mesoscale system which has been observed at lower levels indicating tropospheric flow towards NW parts of Pakistan. A strong pressure gradient is fairly visible along foothills of Himalaya, indicating strengthening of seasonal trough over India and its northward movement. It results in bringing the moisture flow along Himalaya foothills in the north Pakistan. The seasonal low over Baluchistan shifted southward and took the north-south orientation, resulting in additional moist flow from the Arabian Sea on the face of Himalaya. The strong moist flow, impinging over the mountain, Advected higher in the atmosphere and causes convective rain. The rain rate is proportional to continuous supply of vertical moisture flux and ascent velocity over the mountains slope. The spatial scale of big mountain range in this area and microphysical time scale plays a critical role in the particle growth.
Evolution of the Precipitation Feature.
In stable flow approaching a mountain barrier, the response of the flow to the terrain height depends on three basic factors: the strength of the cross barrier component of the flow, height of terrain barrier, and thermodynamic stability of the incoming flow.
The cumulative ground precipitation, wind (950 hPa), and geopotential height (500 hPa) for the CTL case ( Figures  7(a)-7(d) ) and for LOW case in Figures 7(e)-7(h) reveal the quantitative, temporal, and spatial distribution of rainfall. In CTL case, two distinct precipitation features were identified, as Hindukush precipitation zone (HkPZ) located in northwest over Hindukush and Himalayan precipitation zone (HmPZ) over and along the foothills of the Himalayan mountain (Figure 7(d) ). The structure of these features is associated with the topography, zonal circulations, and wind fields. At the beginning of CTL simulation, wind flow from BoB is prominent along Himalayan foothills, directly on the face of Hindukush mountains producing major rainfall in this region. Initially, a northeast oriented rain region formed over Hindukush along the western borders of Pakistan. HkPZ got intensified with the evolution of time and is spatially distributed between 34 ∘ N and 36 ∘ N. The anticyclonic circulation formed over central Punjab at 0000 UTC of 29 July and changed the orientation of wind flow mainly from the Arabian Sea. The river of the warm moist air along the Himalaya is coming into the region. The huge convection over the upslope of the mountain occurred when the intense moist circulation intersected a steep Himalayan barrier which results in enhanced precipitation in HmPZ. The secondary precipitation zone formed along the Himalaya foothills and gradually deepened and merged with HmPZ at 0600 UTC of 28 July. The low level static stability allows the incoming moist air to rise over terrain and produced mesoscale convective systems giving stratiform precipitation regions, even on planes along this region, as can be seen in foothills of Himalaya. The two precipitation zones gradually intensified with time and their schematic features are marked in Figures 7(a)-7(d) .
The trough in the northwest of Pakistan causes interaction of cold dry air mass from middle latitude to warmer and convectively unstable monsoon air mass in the region at middle upper troposphere level and provides triggering to severe weather system (Figures 8(a)-8(d) ). The warm moist flow at lower level and cold advection at upper level produce the strong convective instability in the vertical column of the atmosphere. The continuous moisture supply stimulated throughout the development process, under the prevailing conditions, gives rise to intense weather system. The orography (mechanical forcing) provided the triggering mechanism to augmentation of these heavy precipitation features on the windward side of the two mountain ranges. The average height of the Himalaya is far higher than Hindukush mountains.
In LOW case, reduction of the topography allows the mid latitude dry, cold trough to overrun the Hindukush region (Figures 7(e) and 7(f) ). The area gets neither the magnitude nor the heavy precipitation in the HkPZ, but rather it disappeared in LOW case. It indicates that after reduction the topographic height in the Hindukush region is not sufficient to provide the triggering mechanism for orographic precipitation in this region. This deformation appears by the weakening of the turning effect from mountain barrier. The spatial distribution of rainfall varied remarkably in the HmPZ and rain area deepens over Himalayan region along the NE border of Pakistan. The orientation of anticyclonic circulation formed over central Punjab changed significantly resulting in accumulation of moisture currents from BoB and the Arabian Sea into Himalayan foothills. The rainfall intensity over HmPZ increases as the barrier jet increases the convection over the slope (Figures 7(g) and 7(h) ). The orographic slope in Himalaya uplifted incoming warm moist air flow produces the vigorous clouds growth. It is due to the fact that bulk lifting weakens the subsidence warming in the unsaturated downdrafts and increases the latent heat release within the updraft. The raindrops in this situation grow faster due to the buoyant updrafts which resulted in heavy downpour in the region.
Comparison of Wind Divergence and Trajectory Analysis.
The wind divergence field at 850 hPa for the CTL case (Figures 8(a)-8(d) ) simulation indicates a well-defined low level convergence, between 71 ∘ E-73 ∘ E and 34 ∘ N-35 ∘ N across the Hindukush mountain barrier at 1200 UTC of 28 July. It can be seen that vertically propagating wave motion was produced over this high mountainous region, inclined upward and upstream. The wind convergence along the Himalaya foothills gradually intensified on formation of low level anticyclonic circulation bringing consistent flow from the Arabian Sea to the slopes of Himalaya mountain. This change is quite visible in following time steps on 28-29 July in the CTL case. The maximum convergence zone at HkPZ and HmPZ corresponds well to location and timing of the higher precipitation zones in both the cases. This low level convergence is an evidence of barrier jets that formed due to big Himalayan and Hindukush mountain regions. The synoptic scale flow over a region of large mountains can create a line of moisture convergence and trigger convection. Such a flow is enhanced by the diurnal heating or by gravity waves over the terrain [58, 59] .
In LOW case, the strongest low level convergence is centered deep over Himalaya. The convergence in this region was greatest on 0600 UTC of 29 July. The low level convergence is completely missing over the Hindukush in HkPZ. It appears 
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T, UV, gpm (500 hPa), 29 July (0600 UTC) T, UV, gpm (500 hPa), 29 July (0600 UTC) that, after reducing the topography, the height of Hindukush mountain is insufficient to provide the lifting to the moist monsoon airmass flow.
The vertical temperature and moisture profile in a weather system controls the microphysical species in the clouds. The latitude-height cross section along the 73 ∘ E longitude in Figure 9 indicates the turbulent easterly flow (upto 10 msec −1 ) on the windward side of the Himalaya over Islamabad (33 ∘ N and 35 ∘ N) and the adjacent areas. This turbulent layer plays a crucial role for enhancing the growth of the precipitation particles and thus speeding up their fallout on the windward side. The wind maxima of easterly flow correspond in both timing and location to that of the heavy precipitation intensity area ( Figure 7 ) and vertically extended up to 600 hPa as in Figure 9 . The streamlines indicate the zonal wind flow carrying the moisture from the Arabian Sea to this region. The gradient of specific humidity maximum (>19 g/kg) was observed in the Himalayan foothills, indicating the availability of huge moisture transported from tropics to the face of big mountainous barrier. The overwhelming of deep unstable air mass on the windward slopes of the mountain is lifted above LFC, yielding convective clouds and precipitation. The precipitation in HmPZ and HkPZ is based on their respective level of the instability. It has been revealed that cross barrier flow structure documented over the windward cascade slopes differs appreciably from the case of profoundly blocked flow, observed adjacent to taller mountain ranges [60] [61] [62] . The propagating mesoscale convective system can also stall at the edge of the blocked layer and in front of the mountain range, as has happened in this case yielding a wide spread rainfall along the Himalayan foothills.
To identify the moist air mass source region and diagnose the forcing for convective precipitation, three-dimensional advection techniques were used to draw the 24-hour backward (blue) and forward (red) trajectories for both CTL and LOW cases at all model levels at 73 ∘ E and 33.5 ∘ N (Islamabad) as in Figures 10(a) and 10(b) . In CTL case, air parcels below 500 hPa turn to HkPZ under the influence of southeasterly wind flow. However, ascending air over HmPZ condenses due to orographic lifting and yields heavy precipitation in the region. It is believed that easterly barrier flow produced due to terrain features on the windward side is acting as a transport mechanism for the incoming moist air parcels deep in the HmPZ. However, air above 500 hPa followed the prevailing mid and upper level flow.
In LOW case, air parcel below 700 hPa over Himalaya is blocked by the topography and reduction in topography resulted in significant difference in the spatial and quantitative distribution of precipitation (Figure 10(b) ). The main differences are the broadening and intensification of the precipitation zone over HmPZ. It may be due to the fact that average height of HmPZ is enough even after reduction of topography by half, to provide the forcing for precipitation. The trajectory analysis indicates that the air above 3000 m follows the synoptic flow. A similar study was done by Garvert et al. [63] , and our findings are coherent with them. The precipitation difference between two simulations directly relates to topography; the easterly jet along the Himalaya increases convergence and thus producing heavier precipitation.
Instabilities in the
Atmosphere. The vertical profile of vorticity, convective available potential energy (CAPE), and moisture flux for both CTL and LOW cases at 73 ∘ E has been drawn. CAPE is used to quantify the ambient instability and potential buoyancy of the atmosphere and is considered necessary for the surface based moist convection. In control case, CAPE has the vertical extension up to 600 hPa and is highest near the ground. Its intensity increases temporally and is maximum (1200 J/kg) at 0000 UTC and 2000 (J/kg) at 0600 UTC on 29 July (Figures 11(a)-11(d) ). It increases the instability in the region and makes the condition favorable CTL, 28 July (1800 UTC) 
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Advances in Meteorology CTL, 29 July (0600 UTC) for huge convection. The strongest low level convergence occurs in the Himalaya foothills due to the influx of the moist unstable air in this region. The vorticity that supported the mesoscale convective system also increases in this area (Figure 11(c) ), where primary upward forcing to the moist warm and unstable monsoon airmass is provided by mechanical lifting (i.e., the slope of the Himalayan mountains). The heaviest precipitation region coincides with the area of intense convection in the Himalaya region, as can be seen in Figures 7(a)-7(d) . The significant reduction in strength of currents density was noted with low moisture and low CAPE conditions in LOW case. The change in temporal and spatial distribution of CAPE and moisture flux indicates less instability in LOW case, as compared to CTL case. The increased instability over lower latitudes and Himalaya foothills was observed and CAPE was noted as 1200 J/Kg at 0600 UTC on 29 July (Figures 11(e)-11(h) ). It may be noted that after reducing the topography in this region the warm moist flow moves deep over the Himalaya mountains. The upward forcing is provided by the reduced topography, as these mountains are sufficiently high after reducing by half, to produce tall convection. The vorticity was observed between 32 ∘ N and 34
∘ N, where it produced the significant rainfall in the LOW simulation. In summary, the triggering and instability in this region is not built up by the mesoscale convection. The moist air flow from the southeast travelling across the warm desert in lower Pakistan increases its temperature due to surface sensible heating from below and later by latent heating when the parcel moves across the Himalaya mountains. The CAPE indicating enhanced instability was highest in the Himalayan foothills. The orography lifted the flow to produce the initial clouds that blossomed in the mesoscale convective cores resulting in convective precipitation in this region. The reduction in topography causes the lower convective instability over the Himalayan region. Higher the mountain, cloud water content would be greater at the lower level and humidity factor combining with other microphysical and dynamical properties yield in higher precipitation than the shallower features. It affects both the rate and spatial distribution of the precipitation on ground.
Lin et al. [28] found that extremely heavy rainfall occurs when persistent warm moist air layer, moving across the mountain for a substantial time, forms a low level jet due to steep terrain. Since the height of Himalaya is still significant after its reduction, hence it does not affect much the ice concentration in this region.
Energy and Heat Fluxes.
The ability of the air to carry water vapor is of fundamental importance in orographic precipitation. The dynamic response of the airflow to the orography as a lower boundary condition plays an important role in defining the mechanism of hydrometeor growth, advection, and possible evaporation due to latent heat release. It is also known that precipitation distribution is often different for wide and narrow barriers [64] . Turbulent tumbling occurs, when air is blocked at lower level and overridden by strong cross barrier, caused by dynamic instability. This updraft in the layer may produce pockets of locally higher liquid water content and its intensity and position is very sensitive to the terrain height.
In order to determine the impact of energy fluxes on the activities of the subsynoptic scale disturbances and formation of mesoscale convection, eddy kinetic energy (EKE) has been at 500 hPa for both CTL and LOW cases (Figures 12(a) and  12(b) ). EKE is computed for the core rainfall time steps to the average of time mean value determined for the simulation period. It has been revealed that EKE have the vast extension over the Himalayan and Hindukush regions in the CTL case and travel across the mountain barriers, indicating the Advances in Meteorology
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CTL, 29 July (0600 UTC) strong eddy advection producing the heavy rainfall in both regions as in Figure 12 (e). In LOW case, the EKE have higher frequency in the foothills of the Himalaya along the eastern borders of Pakistan, but it is completely absent over the Hindukush region ( Figure 13(b) ). Hence, it is confirmed that reduction in topography suppresses the vertical convection and decreases the resultant rainfall. In HkPZ precipitation rather disappeared after reducing the topography by half.
To examine the thermal effect of topography on the rainfall, the response of anomalies of the surface heat fluxes has been analyzed for CTL and LOW cases as in Figures 12(c) and 12(d). Latent heat is released when water vapor changes its phase resulting in increasing the atmospheric instability. It enhances the convection and intensifies the storm. Latent heat flux in CTL case is considerably higher than LOW case in both regions and is consistent with the rainfall distribution as in Figures 12(e) and 12(f) . The huge convection has been observed over HkPZ and HmPZ in the CTL case, where release of latent heat flux enhanced the intrinsic instability resulting in increased rainfall. However, it is missing in the LOW case over HkPZ.
The latent heat and sensible heat energy in the atmosphere drive the movement of the air parcels, which create wind and vertical motions. Figure 12(d) illustrates the significant increase in sensible heat flux in the Hindukush region, when the topography is reduced by 50%. The sensible heat indicates the stable environment and is related to the increase in temperature in an area, mainly coming from the sunlight or by air itself. The increase in sensible heat in LOW case coincides with the respective case over the Hindukush region as indicated in Figure 12(f) .
Lower values of OLR in the CTL case indicate the deep convection in both HmPZ and HkPZ regions. The anomaly of OLR in Figure 13 (a) indicates that it has larger values in LOW case indicating the cloud free region having high ground surface temperature. Figure 13 (b) presents the anomaly of the low clouds that is also coherent with the earlier findings. Figure 13 (c) shows the moisture is converging along both the regions at 850 hPa, yielding a heavy stratiform precipitation over vast area in the CTL case, whereas the circulation over the central Punjab becomes weak in LOW case and moisture is being transported towards west over the Afghanistan Plateau.
Conclusions and Discussions
The rain across the big mountain range lying on the path way of winds and weather system like monsoon is one of the confident expectations in the atmospheric sciences. Precipitation maximizes over the windward slopes of the large mountain ranges; however, its amplitude, spatial distribution, and relationship with orography are much more complex questions. The air motion in mountains is strongly modified by terrain, and different sectors of storms are decipherable by changes in the vertical profile of water contents and precipitation processes. This study is focused on exploring the relative impact of orography and thermodynamics on heavy precipitation event in north Pakistan. The July 2010 heavy precipitation event over north Pakistan was selected and its synoptic situation is analyzed. A deep trough at 300 hPa divided the normal high into Eurasia and Chinese parts. The split high developed imposingly and shifted 10 ∘ eastward of its climatological position. It was exceptionally warm by up to 8 ∘ C, centered over China. The Russian high acted as blocking pattern. The trough created hook-like shape in the north of Pakistan at lower level, bringing cold and drier air to this region. Before the occurrence of this event, Tibetan High was strong enough and its center oscillated between 30 ∘ N and 40 ∘ N. The seasonal low over Baluchistan shifted southward and changes its orientation, bringing warm moisture flow from the Arabian Sea to this region. The seasonal low over India shifted northward and pressure gradient is created along Himalayan foothills resulting into enhanced moisture flux from BoB into north Pakistan. The mesoscale convection in the high mountainous region was enhanced by the upslope flow. The dry and cold sinking air from the north sets a platform for rising of warm and moist air from BoB and the Arabian Sea over the mountainous region, creating favorable situation for growth of heavy precipitation system in northern Pakistan. ITCZ responds linearly to the heating of Tibetan High over the Himalayan region, by an abrupt northward shifting causing monsoonal cloud burst over north Pakistan.
To further investigate the topographic impact on this heavy rainfall event, WRF model coupled with Morrison double moment scheme was used, with three nested domains of 27 km, 9 km, and 3 km resolution, respectively. Two sensitivity tests with full topography (CTL) and reduced topography by 50% (LOW) were carried out for the period of 27-30 July. The CTL run was in best match with the reanalysis data output. The presence of tall and wider mountain range in north Pakistan gives birth to more robust microphysical growth processes at lower levels on windward side and precipitation is usually experienced on lower slopes of the terrain. Two distinct precipitation features were identified over Hindukush and Himalaya. The wind convergence zones also followed the precipitation features. Trajectory analysis also indicated that blockage of sub-500 hPa flow in CTL case over Himalayan mountains led to formation of easterly barrier jet on its southward side. It results in moisture transport to the upper atmosphere and large scale convection. Intense convection over upslope occurred when moist circulation intersected a steep mountain range rising above the LCL. During the change of phase, the release of latent heat further deepens the convection. Consequently, Hindukush and Himalaya regions got intensified rainfall between 32 ∘ N and 35
∘ N in the CTL simulation. However, in LOW case, the precipitation zone over Hindukush region disappeared. It may be explained by the anomalous divergence exhibited at the lower level resulting in suppressed convection. The EKE analysis indicates that the higher the mountain, the greater the frequency of the mesoscale disturbances. In LOW case, EKE is absent over Hindukush, which results in diminishing Vorticity, CAPE, and moisture flux, 28 July (1200 UTC) CTL Vorticity, CAPE, and moisture flux, 28 July (1200 UTC) LOW Vorticity, CAPE, and moisture flux, 28 July (1800 UTC) CTL Vorticity, CAPE, and moisture flux, 28 July (1800 UTC) LOW Vorticity, CAPE, and moisture flux, 29 July (0000 UTC) CTL Vorticity, CAPE, and moisture flux, 29 July (0000 UTC) LOW Vorticity, CAPE, and moisture flux, 29 July (0600 UTC) CTL Vorticity, CAPE, and moisture flux, 29 July (0600 UTC) LOW the precipitation zone in this region. OLR anomaly and low cloud fraction also supported the findings. Land sea temperature distribution, regional circulations, and orography in this particular region laid down the perfect conditions favorable for the occurrence of this extreme event. The spatial distribution of the CAPE and moisture flux indicates the enhanced instability in the CTL case as compared to the LOW case. It results in deep mesoscale convective cores and precipitation in the region. It helps in the release of latent heat energy due to the phase change. Energy, released, warms the atmosphere and causes further enhancing of convection and intensifying of the storms. The reduction in topography results in decreased convective instability in the atmosphere.
It has been concluded that topography plays a key role in the occurrence of the extreme event of July 2010 and is supported by the relevant heat fluxes and regional circulations. It turned into deep convective storm and produced heavy rainfall.
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